Honeybees sampled from 285 colonies at 57 localities were morphometrically analysed. The multivariate analysis established five statistically separable morphoclusters occupying ecologically different areas: Apis mellifera jemenitica in the northwest and eastern arid and semi-arid lowlands; A. m. scutellata in the west, south and southwest humid midlands; A. m. bandasii, in the central moist highlands; A. m. monticola from the northern mountainous highlands; and A.m.woyi-gambell in south western semi-arid to sub-humid lowland parts of the country. Moreover some areas with high inter and intracolonial variances were noted, suggesting introgression among these defined honeybee populations.
INTRODUCTION
Ethiopia is physiographically and climatologically diverse, varying from arid, lowland plains to moist Afroalpine conditions (Van Chi-Bonnardel, 1973; Mammo, 1976) . This complexity is reflected in a considerably diverse flora and fauna, including honeybees. In the early days of classification of the honeybees of Africa, Smith (1961) reported A. m. monticola from the Ethiopian plateaus and later, Ruttner (1975) the presence of A. m. scutellata and A. m. jemenitica. More recently Radloff and Hepburn (1997a) recorded A. m. jemenitica, A. m. bandasii and A. m . sudanensis from Ethiopia.
However, these findings are conflicting so that the picture of honeybee populations of the country remains blurred. In addition, pheromone analyses of the honeybee populations showed those of Ethiopia to differ from the rest of Africa (Radloff and Hepburn, 1997b) . Moreover, microsatellite and mitochondrial DNA analyses established that the greatest genetic diversity in Africa actually occurs in the honeybees of Ethiopia (Franck et al., 2000) , which constitute a 5th lineage of A. mellifera.
Thus, to refine our understanding of the honeybee populations of Ethiopia, a more detailed study, geographically broader in scope and with a finer sampling distance resolution, was undertaken to determine the occurrence of morphoclusters, their biogeography, the magnitude of differences between the populations and their ecological distributions and where possible to resolve conflicts in the literature.
MATERIALS AND METHODS

Sampling and measurement
285 honeybee samples of 20 worker honeybees per colony were collected from each of five traditional hives at 57 localities with an average interlocality distance of 100 km (Fig. 1 , Tab. I).
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Morphometric analysis
Even though Ruttner (1988) used 36 morphometric characters in the discrimination of world honeybee groups, Crewe et al. (1994) , Radloff and Hepburn (1997a,b) and Hepburn and Radloff (1998) successfully classified the honeybees of Africa using 9-11 morphometric characters. In the present study due to larger variations in size and pigmentation in the honeybee populations of Ethiopia (Radloff and Hepburn, 1997a) four more (2 related to size and 2 to pigmentation) morphological characters were included. Thus thirteen morphometric characters were measured and are designated by their Ruttner (1988) numbers. These include four categories of characters: hair, pigmentation, size, and forewing venation angles: length of hair on abdominal tergite 5 (1), pigmentation of scutellum (35), pigmentation of scutellar plate (36), pigmentation of abdominal tergite 2 (32), pigmentation of abdominal tergite 3 (33), pigmentation of abdominal tergite 4 (34), tergite 3 longitudinal (9), tergite 4 longitudinal (10), sternite 3 longitudinal (11), transverse of wax plate on sternite 3 (13) , wing angle B4 (22), wing angle N23 (30) and wing angle O26 (31).
Multivariate analyses
A principal components analysis using colony mean data was used to detect the presence of possible clusters of colonies among the scatter scores from a Figure 1. Physiography, sampling localities and distribution of five morphoclusters of honeybees in Ethiopia. Names of localities are given in Table I. plotted plane graph of the first two high loading factors. Stepwise discriminant analysis using the principal components clusters was carried out to determine the most discriminatory variables to enter into the discriminant functions. The discriminant functions were used to classify the colonies and to determine the percentages of correctly classified colonies and the highest posterior probability of each colony being in any cluster was computed. Wilks' lambda statistic was used to test for significant differences in the cluster vector of means of each character used in the discriminant function (Johnson and Wichern, 1998) . Mahalanobis distances between each cluster group were determined (Cornuet, 1982) .
Intra and intercolonial variances were computed based on factor analysis procedures, using the first unrotated factor scores of each bee and colony means for each morphometric character, respectively. The homogeneity of the intercolonial and intracolonial variances at each locality was tested using Levene's F-statistic. Correlation analysis was also carried out to determine correlations within morphometric characters and with environmental factors (altitude, rainfall and temperature). The Bonferroni adjustment to the level of significance was used to ensure that the overall level of significance did not exceed 0.05.
RESULTS
In a principal components analysis using colony means of 13 morphometric characters of 5700 worker honeybees comprising 74 100 measurements from 285 colonies at 57 localities, four factors with eigenvalues greater than one were extracted: factor 1 includes length of hairs on the fifth abdominal tergite (1), width of abdominal tergite 3 (9) , width of tergite 4 (10), sternite 3 longitudinal (11), and transverse of wax plate on Table I . Localities, altitudes and coordinates of study areas in Ethiopia. sternite 3 (13) ; factor 2 comprises pigmentation of scutellum (35), pigmentation of tergite 2 (32), pigmentation of tergite 3 (33) and pigmentation of tergite 4 (34); factor 3 includes forewing venation angle N23 (23) and O26 (31) and factor 4 includes angle B4 (22) and pigmentation of scutellar plate (36). These factors accounted for 82.1% of the total variance in the data. Factor 1, which is entirely associated with body size, and factor 2, which is associated with pigmentation accounted for 45.5% and 18.6% of the total variance in the data respectively.
The factor loadings of each of the characters had absolute values greater than 0.68. The scatter plot was obtained using factor 1 and factor 2, which had high eigenvalues and revealed the formation of 5 statistically separable but not distinct morphoclusters (Fig. 2) . Honeybee colonies from localities Nos. 1-3, [8] [9] 14, 20, [30] [31] [37] [38] 57 (Figs. 1 and 2) formed group 1 in the upper right-hand quadrant of the plot. Colonies from localities Nos. 17-18, 21-23, 32, 40, 42-44, 49, 52-54 formed group 2 in the lower mid-quadrant of the plot (Figs. 1 and 2).
Colonies from localities Nos. 11, [15] [16] 19, [24] [25] [26] [27] [28] [29] [33] [34] 36, 41, [45] [46] [47] [48] 55 formed group 3 in the left mid-quadrant plot (Figs. 1 and 2). Colonies from localities Nos. 5, 10, 12, 13 formed group 4 in the upper left-hand quadrant of the plot (Figs. 1 and 2) and colonies from localities Nos. 39 and 50 formed group 5 in the lower right-hand quadrant (Figs. 1 and 2). Thirty colonies from localities Nos. 4, 6-7, 35, 51, and 56 were spread among the other groups ( Figs. 1 and 2) .
In the stepwise discriminant analysis all the 3 forewing venation angles and pigmentation of tergite 3 morphometric characters did not enter the discriminant functions due to lack of discriminatory power in these characters for the discrimination of honeybees of the Ethiopian region. The nine morphometric characters that entered into the linear discriminant functions in order of their discriminatory power are given in Table II . About 91% of the colonies were correctly classified into 5 groups (Tab. III). The Mahalanobis distances between the groups varied from D 2 = 8.03 for group 2 and group 3 to D 2 = 84.74 for group 4 and group 5 (Tab. III). The linear discriminant functions classified 93.33% of colonies from localities 1-3, [8] [9] 14, 20, [31] [32] [37] [38] 2) correctly into group 1 with posterior probabilities, P = 0.82-1.00 for 52 colonies and P = 0.55-0.77 for 4 colonies while 4 colonies were misclassified. 85.71% of the colonies from localities [17] [18] [21] [22] [23] 32, 40, [42] [43] [44] 49, [52] [53] [54] were correctly classified in group 2 with posterior probabilities, P = 0.80-1.00 for 54 colonies and P = 0.55-0.78 for 6 colonies while 10 colonies were misclassified. 93.68% of colonies from localities 11, [15] [16] 19, [24] [25] [26] [27] [28] [29] [33] [34] 36, 41, [45] [46] [47] [48] and 55 (Fig. 2) were correctly classified in group 3 with posterior probabilities, P = 0.80-1.00 for 77 colonies and P = 0.52-0.79 for 12 colonies while 6 colonies were misclassified. 85% of colonies from localities 5, 10, and 12 (Fig. 2) were correctly classified in group 4 with posterior probabilities, P = 0.83-1.00 for 14 colonies and P = 0.63-0.76 for 3 colonies while 3 colonies were misclassified. All the colonies from localities 39 and 50 (Fig. 2) were correctly classified in group 5 with posterior probabilities, P = 0.83-1.00 for 8 colonies and P = 0.46-0.64 for 2 colonies.
Wilks' lambda value approximated by the F-statistic (Λ = 0.04, F (36,908) = 34.84, P < 0.00001) indicated that there was a highly significant difference among the means of morphometric characters for the 5 groups entered into the discriminant functions. The group means and standard deviations of the morphometric characters are given in Table IV. To test for the homogeneity of the variances, the first principal components coefficients of the morphometric characters were used to determine the factor scores of colonies at each locality and the variances of these scores were tested for homogeneity of intercolonial variances at each locality. Accordingly, significant differences were found (Levene's test F (56, 228) = 1.87, P = 0.0007). Similarly, the intracolonial variances were determined using the individual honeybee values and significant differences among the localities were found (F (56, 5643) = 29.82, P < 0.0001). These results revealed that the intra and intercolonial variances obtained from localities 3-4, 6-7, 9, 14-15, 30, 35, 38-39, 46, 48-49, 51 and 56-57 ( Fig. 1) were significantly higher than the other localities, suggesting that these localities are transitional zones between the morphoclusters. Morphometric characters associated with pigmentation were positively significantly correlated to each other (0.50 < r < 0.99, P < 0.001) and weakly negatively correlated to those of body size (-0.30 < r < -0.47, P < 0.01). Strong positive correlations were found among the morphometric characters associated with body size (0.78 < r < 0.99, P < 0.001). However, forewing venation angles showed no strong correlation among themselves or to either body size or pigmentation (-0.06 < r < 0.33, P > 0.05).
All pigmentation characters were positively significantly correlated to temperature (0.24 < r < 0.71, P < 0.001) (except the scutellar plate), and all were negatively significantly correlated to both altitude (-0.21 < r < -0.71, P < 0.001) and rainfall (-0.51 < r < -0.56, P < 0.001). Moreover, morphometric characters related to body size and hair length were significantly negatively correlated to temperature and significantly positively correlated to altitude (-0.49 < r < -0.56 and 0.35 < r < 0.66, P < 0.001 respectively, the Bonferroni adjustment to level of α = 0.05/3 = 0.0166 used).
Data on the climatological and physiographical regions of the morphoclusters are shown in Table V and Figure 1 . The morphocluster 1 region consists predominantly of tropical woodland and thorny bush and semidesert steppe vegetation below 2000 m with annual temperatures between 20 °C-25 °C and rainfall between 400 mm-1000 mm. Grasslands and forest are predominant in the morphocluster 2 area situated between 1000 m-2000 m with a temperature range of 18 °C to 20 °C and an annual rainfall of 1400 mm to 2300 mm. The areas of morphoclusters 3 and 4 both consist mainly of grassland vegetation between 1000 m and 3000 m with an annual temperature range of 16 °C to 18 °C. Small areas 6% and 14% respectively of both morphoclusters occur above 3000 m. The vegetation in the area of morphocluster 5 comprises tropical woodland and thorny bush, grassland and savannah, two-thirds of which is below 1000 m and one-third between 1000 m and 
DISCUSSION
Multivariate morphometric analyses of Ethiopian honeybees demonstrated a high degree of variability in size and pigmentation. Mixed black and yellow bees in a single colony and predominantly black or yellow colonies occur in the same localities. Generally Ethiopian honeybees are darker than those of neighbouring Sudan, Somalia and Kenya. Such variability both in colour and size in Ethiopian honeybees (Hepburn and Radloff, 1998; Radloff and Hepburn, 1997a ) and in Sudanese honeybees El-Sarrag, 1978, 1980; Mohamed, 1982; Saeed, 1981; Mogga, 1988; El-Sarrag et al., 1992) has been noted previously. The morphometric characters associated with size and pigmentation were significantly positively and negatively correlated to altitude respectively. There is a gradual increase in size and change in pigmentation from yellow to black with increasing altitude (Tab. V); thus, the highland honeybees are larger and darker than the lowland ones. These results also confirm the findings of Radloff and Hepburn (1997a) . Principal components analysis of honeybees from 285 colonies from 57 localities in Ethiopia revealed the existence of 5 statistically separable morphometric groups. Honeybees from the eastern and northwestern parts of the country (morphocluster 1) were light in colour, relatively small and with short hairs, characteristics very similar to A. m. jemenitica Ruttner, of the semi-desert parts of Sudan, Somalia and northwestern Ethiopia (Mogga, 1988; Ruttner, 1988; Radloff and Hepburn, 1997a; Hepburn and Radloff, 1998) . The mean values of the morphometric characters [(1), (11), (13) and (22)] fell within the range of the mean values of A. m. jemenitica previously recorded by Ruttner (1988) and Radloff and Hepburn (1997a, b) . The shortest Mahalanobis distance was found between morphocluster 1 and A. m. jemenitica (Tab. VI, D 2 = 5.83). Group 1 bees occupy arid and semi-arid areas with high temperatures and low precipitation (Tab. V), which are ecologically similar to those of A. m. jemenitica. Hence, on the grounds of morphometric and ecological similarity these bees are classified as A. m. jemenitica. This is in agreement with the results of Radloff and Hepburn (1997a) .
Morphometrically the honeybees from southern and western, wet tropical areas of the country (morphocluster 2), closely match A. m. scutellata Lepeletier of east Africa (Hepburn and Radloff, 1998; Radloff and Hepburn, 1997a; Ruttner, 1988) . The mean values of the morphometric characters [(1), (11), (13) , (22), (31) , (35) and (36)] fell within the range of the mean values of A. m. scutellata previously recorded by Hepburn and Radloff (1998) and Radloff and Hepburn (1997a) . The shortest Mahalanobis distance was found between morphocluster 2 and A. m. scutellata (Tab. VI, D 2 = 12.91). In east Africa, A. m. scutellata occurs at 500 m-2400 m, in rich savannah and semi-evergreen deciduous forest (Smith, 1961) , which corresponds to the area of morphocluster 2 in Ethiopia (Tab. V). As a result of morphometric and ecological similarity, morphocluster 2 is classified as A. m. scutellata. Radloff and Hepburn (1997a) initially regarded these honeybees as A. m. sudanensis, but subsequently suggested they could actually be A.m. scutellata (Hepburn and Radloff, 1998) and this now resolves this difference.
Morphocluster 3 honeybees occur in the central, moist grasslands of the highlands (Tab. V). The mean values of the morphometric characters of this group [(1), (11), (13) and (22)] are very close to those of A. m. bandasii (Radloff and Hepburn, 1997a) . The shortest Mahalanobis distance was found between morphocluster 3 and A. m. bandasii (Tab. VI, D 2 = 2.92). Moreover these honeybees are morphometrically intermediate between A. m. scutellata and A. m. monticola Smith. But, the principal components analysis clearly showed that they are a statistically separable group, the morphometric values for which closely resemble A. m. bandasii (Radloff and Hepburn, Table VI . Mahalanobis distances (D 2 ) between five Ethiopian honeybee groups and previously designated A. m. jemenitica, A. m. scutellata, A. m. bandasii, and A. m (Ruttner, 1988) and Radloff and Hepburn (1997a, b) databases.
